ABSTRACT: Three new compounds, colletotrichones A−C (1−3), and one known compound, chermesinone B (4a), were isolated from an endophytic fungus, Colletotrichum sp. BS4, harbored in the leaves of Buxus sinica, a well-known boxwood plant used in traditional Chinese medicine (TCM). Their structures were determined by extensive spectroscopic analyses including 1D and 2D NMR, HRMS, ECD spectra, UV, and IR, as well as single-crystal X-ray diffraction, and shown to be azaphilones sharing a 3,6a-dimethyl-9-(2-methylbutanoyl)-9H-furo[2,3-h]isochromene-6,8-dione scaffold. Owing to the remarkable antibacterial potency of known azaphilones coupled to the usage of the host plant in TCM, we evaluated the antibacterial efficacy of the isolated compounds against two commonly dispersed environmental strains of Escherichia coli and Bacillus subtilis, as well as against two human pathogenic clinical strains of Staphylococcus aureus and Pseudomonas aeruginosa. Compound 1 exhibited marked antibacterial potencies against the environmental strains that were comparable to the standard antibiotics. Compound 3 was also active against E. coli. Finally, compound 2a exhibited the same efficacy as streptomycin against the clinically relevant bacterium S. aureus. The in vitro cytotoxicity of these compounds on a human acute monocytic leukemia cell line (THP-1) was also assessed. Our results provide a scientific rationale for further investigations into endophyte-mediated host chemical defense against specialist and generalist pathogens. E ndophytic fungi, which are distributed in tissues of every plant investigated to date, establish remarkable mutualistic associations with their host plants. 1 The pursuit of discovering novel bioactive compounds and revealing the relationship(s) between plants and their endophytic microflora has attracted the attention of chemists and biologists worldwide.
ndophytic fungi, which are distributed in tissues of every plant investigated to date, establish remarkable mutualistic associations with their host plants. 1 The pursuit of discovering novel bioactive compounds and revealing the relationship(s) between plants and their endophytic microflora has attracted the attention of chemists and biologists worldwide. 1−5 Buxus sinica (Buxaceae), commonly known as the boxwood plant, is used not only in traditional Chinese medicine (TCM) for treating diseases, including malaria, syphilis, rheumatism, dermatitis, and rabies, 6 but also as a topiary hedge in People's Republic of China. 7 It shows strong tolerance toward pruning and shearing and attracted our interest toward the potential endophytes harbored in leaves and stems. Given the utility of this plant both in TCM and for its tolerant morphology, it is conceivable that endophytes associated with this plant in a balanced mutualistic manner 2 might aid in fitness of the host against biotic and abiotic stress. 8 As a part of the continuation of our investigations on endophytic fungi from various medicinal plants including those used in TCM, 9−11 we isolated and investigated cultivable endophytic fungi harbored in leaves and stems of B. sinica, particularly aiming to discover fungi capable of producing antibacterial compounds. Herein we report the isolation of an endophytic fungus, Colletotrichum sp. BS4, and the structural characterization and antibacterial efficacies of compounds produced on rice medium. Earlier investigations have revealed a shifting lifestyle of this fungal genus, varying from being endophytes to dangerous plant pathogens causing anthracnose. 12 Moreover, a plethora of secondary metabolites including alkaloids, peptides, polyketides, and steroids were identified from this genus. 12 On screening different media for fermenting this strain using the OSMAC (One Strain MAny Compounds) approach, 13 we noticed the production of a series of interesting secondary metabolites on rice medium. By successive chromatographic and extensive spectroscopic methods as well as X-ray diffraction, three new compounds were isolated and identified, namely, colletotrichones A−C (1−3), along with one known compound, chermesinone B (4a) 14 ( Figure 1 ). We evaluated the antibacterial efficacies of these compounds against the clinically important risk-group 2 (RG2) pathogenic bacteria Staphylococcus aureus and Pseudomonas aeruginosa, as well as two environmental strains of Escherichia coli and Bacillus subtilis. Furthermore, we evaluated their cytotoxicity against human acute monocytic leukemia cells (THP-1) in vitro using a resazurin-based assay to measure the THP-1 mitochondrial metabolic inhibition as well as an ATPlite assay to measure the THP-1 cytoplasmic ATP depletion. Figure 2 ). The key heteronuclear correlations between carbons and protons (J 2,3 ) in HMBC confirmed a dimethyl isochromene structure and a sec-butyl group (Figure 2 ). Since the five double bonds and two identified rings contribute only seven DBEs, the remaining two DBEs belong to two further rings, as no additional sp 2 signals were visible. However, the information above was not sufficient to connect these moieties, because of the lack of protons at positions 6 to 11 for 2D NMR interpretations. To determine the structure of compound 1, a single crystal from ethyl acetate and methanol (1:1) was subjected to X-ray crystallography to analyze the structure 
■ RESULTS AND DISCUSSION
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Article ( Figure 2 ). The crystal structure showed an isochromene group cis-fused with a furan ring and a pyran ring, which formed a unique stereostructure with a rigid and nearly rectangular bent core skeleton.
As the relative configuration was unequivocally defined by Xray diffraction, the absolute configuration must be identical with that depicted in the structure of 1 or with the mirror image thereof. The determination was made by comparing the calculated ECD and ORD data with the experimental values. Molecular mechanics calculations (SPARTAN'14, MMFF 15 ) for 1 in a systematic approach delivered the lowest 18 conformers in an energy range of 45 kJ/mol above the global minimum. By ab initio calculations using SPARTAN'14 15 and Gaussian 09 16 [finally with the wB97X-D functional and the 6-311++G(2df,2p) basis set], 11 conformers within a range of 16 kJ/mol (Gibbs free energy) above the global minimum were selected for further DFT calculations of the ECD and ORD data as described previously. 11 As all conformers delivered positive OR values, the Boltzmann-weighted optical rotation was positive (calcd molar rotation = +396°/specific rotation +11.4°), and an experimental value of 340.4°was found for 1.
As the enantiomer ent-1 would give a negative optical rotation and a mirror-imaged ECD spectrum with respect to Figure 3 , the high similarity of experimental and calculated ECD and OR data unambiguously confirmed the absolute (1S,6R,7S,8S,12S)-configuration of 1, as depicted in the structure. Table S1 in the Supporting Information), which indicated that the lactone ring is cis fused (Figure 4) . Although there was an NOE cross-peak between H-7 and H-10, this did not confirm that H-7 and H-10 are on the same side of the lactone ring, because they are too close and the cross-peak between H-7 and H-10 also appeared in the NOESY spectrum of chermesinone B (in which H-7 and H-10 have different orientations).
14 Moreover, no unambiguous NOE could be observed between H-10 and Me-16 even in a 1D NOESY experiment with adequate scan times ( Figure  S19 , Supporting Information). Therefore, the configuration of H-10 related to Me-16 and H-7 was not ascertained by the interpretation of NOESY spectra. For the relative configuration of H-12/Me-17, the NOE correlation was observed only between H-10 and H-12, which suggested that the average distance between H-10 and Me-17 is considerably larger than between H-10 and H-12 and below the detection limit. It is worth mentioning here that both H-10 and Me-17 as well as H-10 and H-12 gave cross-peaks in the NOESY spectrum of rel-(7S,10S,12S)-chermesinone C reported earlier.
14 On the basis of the H-10/H-12 and H-10/Me-17 distances of calculated preferential conformers (Boltzmann factor >0.01; see Table S2 in the Supporting Information), the possible configurations were proposed to be rel-(6R,6R,10R,12S) or rel-(6R,6R,10S,12R), the latter being less likely. To distinguish between both diastereomers, we compared ab initio-calculated and experimental NMR data. In accordance with the comparison of the experimental and calculated NMR data (see Tables S3 and S4 in . 18 For the other 6R,7R,10ξ,12ξ diastereomers, 2c and 2d, higher shifts were obtained (see Table S4 in the Supporting Information), as also found experimentally for chermesinone B (4a: Me-17, δ C17 = 17.1, δ H17 = 1.24). 14 To differentiate between the structures 2a and 2b, ab initio ECD calculations were performed. The calculated ECD curve of 2a showed a Cotton effect coinciding with the experimental ECD spectrum ( Figure 5 ). In contrast to this, the major negative Cotton effect at 290 nm in the calculated ECD value of 2b could not be explained by the experimental data. Therefore, the structure of colletotrichone B was elucidated as 2a, and the absolute configuration was determined to be 6R,7R,10R,12S. The assignment of the 6R,12S configuration could also be explained in view of its proposed biosynthetic pathway.
Colletotrichone 
Article of H-1 in compounds 2a (δ H 7.30) and 4a (δ H 6.83). 13 C NMR (Table 2) (Figure 6 ). To determine the absolute configuration, the ECD spectrum of 3 was calculated as described above, and the spectrum of expected (6R,7R,8S,10S)-configuration was in agreement with the experimental spectrum ( Figure 7 ). The configuration of C-12 was assigned as S, based on the Me-17 shift (δ C 16.7, δ H 1.19) of 3, in comparison with the NMR data of compounds 2a and 4a.
The compounds 1−4 are typical polyketides, whose biosynthesis has been extensively investigated in numerous studies. 19 Interestingly, for the sec-butyl substructure, a condensation product originating from two different polyketides, but not from a single octaketide chain, was proposed. 18, 19 With respect to their structures, the biosynthesis of compounds 1−4 might proceed from a pentaketide via an isochromene analogue, which is first acylated and then condensed with a 4-methyl-3-oxohexanoic acid, and further modified by oxidation or hydrogenation, according to the proposed biosynthesis of other azaphilones (Figure 8) . 19, 20 Borges et al. proposed a pathway of cyclization of chaetoviridin I, whose essential steps were an epoxidation at double bond Δ 7 and subsequent hydrolysis. 21 However, considering the steric effects or S N 2 reaction mechanism (H 2 O would preferentially attack C-8 from the opposite direction of the epoxy group as shown in the proposed biosynthetic pathway of chaetoviridin I in ref 21) , the hydrolysis of an epoxy group is more likely to generate two trans-hydroxy groups. Therefore, we propose our aforementioned biosynthetic pathway to explain the ring system and configuration of compound 1 (Figure 8 ).
Azaphilones are well-known as having a broad range of biological activities such as antimicrobial, cytotoxic, anticancer, antiviral, and anti-inflammatory properties. 19 In an earlier investigation on azaphilones from stromata of Xylariaceae, Hellwig et al. suggested that they are maintained in the course of their coevolution with angiosperm hosts and involved in a kind of chemical defense reaction to keep the fitness of their producers. 22 Moreover, some azaphilones with similar lactone substructures were reported to have antibacterial activities. For instance, deflectin B-2a showed a minimum inhibitory concentration (MIC) of 5 μg/mL against Bacillus brevis and Bacillus subtilis ATCC 6633 on a complex medium. 23 Sassafrins A−C showed moderate antibacterial activities against Staphylococcus aureus, Pseudomonas aeruginosa, Klebsiella pneumonia, and Escherichia coli. 24 In another study, multiformins A−D were shown to have moderate to strong activity against S. aureus, P. aeruginosa, K. pneumonia, E. coli, and Salmonella enteritidis. 25 Therefore, given the potent antibacterial efficacies of azaphilones, we evaluated the antibacterial effectiveness of our isolated compounds against two widely distributed environmental strains of E. coli (Gram-negative) and B. subtilis (Grampositive), as well as against two human pathogenic bacterial strains of S. aureus (Gram-positive) and P. aeruginosa (Gramnegative).
11 Compound 1 showed pronounced efficacies particularly against both the tested environmental strains comparable to the standard antibiotics (Table 3) . Additionally, compound 3 was quite active against the environmental strain of E. coli. Furthermore, compound 2a exhibited the same efficacy as streptomycin against the clinically relevant, RG2 bacterium S. aureus. Since the endophytic fungus was isolated from the leaves of B. sinica, it is compelling that it provides some form of azaphilone-mediated chemical defense to the host plant against invading specialist and generalist bacteria. Interestingly, the tested compounds (1−4) did not demonstrate significant cytotoxic efficacies in vitro against THP-1 cells ( Figure S31 , Supporting Information).
■ EXPERIMENTAL SECTION
General Experimental Procedures. Optical rotations were recorded on an A. Kruss P8000-T Optronic polarimeter, and ECD measurements were performed using a Jasco J-715 spectrometer. IR spectra were obtained using a Bruker TENSOR27 IR spectrometer. 
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Article NMR spectra were recorded on a Bruker DRX-500 spectrometer operating at 500 ( 1 H) and 125 ( 13 C) MHz with tetramethylsilane as internal standard. HRMS and HRMS/MS experiments were carried out on an LTQ-Orbitrap spectrometer (Thermo Fisher, USA) equipped with an HESI-II source. The spectrometer was equipped with an Agilent 1200 HPLC system including pump, PDA detector, column oven (30°C), and autosampler (injection volume 5 μL). The detailed MS parameters have been reported earlier. 11 HPLC for separations and purifications was performed on a Venusil XBP (2) C 18 column (10 × 250 mm) using a Gynkotek pump equipped with a Dionex DG-1210 degasser, a Dionex UVD 340S detector, and a Dionex Gina 50 autosampler. All solvents used were of analytical grade. Silica gel 60 (70−230 mesh; AppliChem, GmbH, Darmstadt, Germany) was used for column chromatography. Thin-layer chromatography was carried out with glass precoated silica gel 60 plates (0.25 mm; Merck, Darmstadt, Germany). Spots were visualized under UV light and by spraying with H 2 SO 4 −EtOH (1:9, v/v) followed by heating.
Fungal Material. The endophytic fungus Colletotrichum sp. BS4 was isolated from the leaves of Buxus sinica (Buxaceae) collected from Guangzhou, Guangdong Province, People's Republic of China. For identification, the fungal strain was cultured on potato dextrose agar (PDA) at 28 ± 2°C for 1 week in an incubator. The fungus was identified by ITS sequencing following our previously established method. 26 The ITS sequence of the identified endophytic fungus has been deposited at the EMBL-Bank (accession number LN552210). The fungus was assigned the strain designation BS4 and deposited in the internal culture collection at INFU, TU Dortmund, Germany.
Extraction and Isolation. The large-scale fermentation was performed on solid rice medium (80 g of rice, 100 mL of water, in each 1000 mL flask) at 25°C with PDB culture as seed broth. After 30 days, the culture (1.6 kg) was extracted with 4 L of ethyl acetate (EtOAc) at room temperature three times to yield 33 g of brown residue after removing the solvent under vacuum. This extract was subjected to a silica gel column (2 × 10 cm) and eluted by a stepwise cyclohexane−EtOAc gradient from ratio 1:0 to 0:1 into four fractions (Fr. 1−Fr. 4). Fr. 3 was separated on a silica gel column with CH 2 Cl 2 − EtOAc (3:1) to obtain two subfractions (Fr. 3a, 3b). Successive purification of Fr. 3a by semipreparative HPLC (UV detection at 355 nm, flow rate 3 mL/min, mobile phase MeCN and H 2 O (0.1% formic acid)) yielded 5 mg of colletotrichone A (1) (33% MeCN, t R : 31.8 min), 10 mg of colletotrichone B (2a) (45% MeCN, t R : 27.6 min), 2 mg of colletotrichone C (3) (55% MeCN, t R : 25.0 min), and 8 mg of chermesinone B (4a) (45% MeCN, t R : 32 min).
Colletotrichone A (1) X-ray Crystallographic Analysis of 1. The diffraction experiment was performed on an Oxford Diffraction Xcalibur S diffractometer with graphite-monochromated Mo Kα radiation (λ = 0.710 73 Å). The crystal structures were solved with direct methods (SHELXS97) and refined against F 2 with the full-matrix least-squares method (SHELXL97). 27 A multiscan absorption correction using the CrysAlis RED program (Oxford Diffraction, 2006) was employed. The 
Article non-hydrogen atoms were placed in geometrically calculated positions, and each was assigned a fixed isotropic displacement parameter based on a riding model. (1) Antibacterial Assays. The in vitro antibacterial activities of compounds 1, 2a, 3, and 4a were tested against a panel of standard pathogenic control strains (obtained from Leibniz Institute DSMZ, German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany) using our previously described method. 
